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Abstract
This paper analyzes a microstrip fed triple notch band Ultra-Wideband (UWB)
antenna designed with an inverted pi slot and a Defected Microstrip Structure (DMS)
Band-Stop Filter (BSF) from the design stage to the testing stage. This paper systematically steps through each phase of the antenna from simulation, to fabrication,
and finally testing. The results of the simulation and testing phases are both compared to each other before comparing the entire project’s results to the source paper’s
results. After determining the accuracy of the fabricated antenna, the paper discusses
future avenues for optimization of an Ultra Wide-Band antenna.
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Chapter 1
Introduction

As the world approaches the end of the 2010s, one undeniable fact that has appeared from this decade is the exponential growth of wireless communications. From
consumers to companies, the world is becoming a more connected place which has resulted in a drive for higher performance of wireless devices. Ultra-Wideband (UWB)
antennas are one of the possible solutions to the rapid growth of wireless communication.
Narrowband (NB) wireless systems take up certain bandwidth frequencies, but
UWB antennas can operate over much larger frequency bands. The goal of the
proposed antenna is to continue operating over a large band, but limit interference
from targeted NB frequencies. In order to achieve this goal, I utilized a paper by three
authors named Li, Li, and Yu [1]. Throughout this paper when I refer to the source
paper, I am referring to the work by Li, Li and Yu. The goal of my research was to
analyze the designs proposed by the source paper and systematically break down each
component of their designs. The purpose of separating the antenna components and
filters for individual testing is to clearly understand what each filter is contributing
to the overall antenna as well as why that filter design was chosen.
1

This thesis follows my research process starting with simulation and ending with
testing of the fabricated antennas. Chapter 2 details the parameters and geometry
used in both the microstrip DMS-BSF and the full UWB antenna. Then, Chapter
3 describes the results obtained from simulations of the antenna design. Chapter 4
discusses the fabrication method, and Chapter 5 explains the results obtained from
the fabrication. Chapter 6 begins the final discussion of the report and considers
different methods of optimization for the antenna. Finally Chapter 7 summarizes
and concludes the paper.
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Chapter 2
Design

CST Microwave Studio is a software that allows the simulation of designed electromagnetic devices. For the purpose of this report all of the antennas were modeled
in CST using identical parameters in terms of mesh size and type of simulation. The
design of the triple notch band UWB antenna using CST is shown in Figure 2.1.
The material type for the top layer, colored light blue in Figure 2.1, is copper. In
CST, copper (annealed) was used for both the microstrip and the patch shown. Both
the microstrip and the triple notched band UWB antenna were created as infinitely
thin structures in the z domain. The microstrip and radiating patch lie on top of a
substrate surface not pictured in Figure 2.1, that is specified with a relative dielectric
constant of 2.65, loss tangent of .0002, and thickness of 1.6 mm. On the back of the
substrate, an infinitely thin ground plane, which is dark yellow in Figure 2.1, lies with
the y dimensions of the microstrip and the x dimensions of the substrate. Figure 2.2
shows the selected values for the geometry shown in Figure 2.1. It should be noted
that the length between the gap of the DMS-BSF, the y component of g in Figure
2.1 (b), was not mentioned in the paper. Consequently both 0.4 mm and 0.5 mm
were tested in various simulations with 0.4 mm being chosen and used throughout

3

(b) Microstrip with DMS-BSF
(a) UWB antenna with DMS-BSF and
inverted pi slot

Figure 2.1: Geometry of Proposed UWB Antenna
this paper.

Figure 2.2: Parameter Values for Figure 2.1

In order to measure the return loss, or S11 parameters, of the created figures, I
utilized waveguide ports in CST. The publication did not indicate the orientation of
4

their used waveguides, so I experimented with a few differing values in simulations
in order to determine the best match with the desired results. Figure 2.3 showcases
two of the waveguide ports oriented on the top and bottom of the microstrip. The
actual ports for both the microstrip and the full antenna ranged from -2.35 to 2.35
in the x-direction, and -1.6 to 0 in the z-direction. For the antennas, the y value
was set to -16.2 mm, the bottom of the antenna figure. For the isolated microstrip,
the port 1 y-value was oriented at 0, and the port 2 y-value was set to -16.2. At
first I set the waveguide to the precise measurements of the antenna (-2.35 to 2.35)
in x and (-1.6 to 0) in z, but the resulting figures did not match the source paper’s
results. I continued to change the size of the waveguide ports in both the x and z
direction until I obtained results closer to the expected results. Eventually I arrived
at an optimal result when the waveguide port was set to (-5 to 5) in the x direction
and (-4 to 2.4) in the z direction. All of the following figures use the aforementioned
waveguide parameters both for the microstrip and antenna simulations.

Figure 2.3: Example of a Waveguide Port for a Microstrip Feed Line

5

Chapter 3
Simulation Results

3.1

Microstrip with DMS-BSF

The first simulation results obtained exclusively tested the microstrip feed line
with various lengths, denoted as L1 in Figure 3.1. Figure 3.2 shows all the S11
parameters of the microstrip feed line with lengths of 5.6 mm, 6.6 mm, 7.6 mm, and
10 mm respectively. Figure 3.3 details the relection coefficient (S11 ) obtained in the
source paper for all of the varying DMS-BSF lengths. Our calculated graphs closely
resemble the desired peaks, but the results below -10db are significantly skewed in
comparison to the source material. The below figures clearly demonstrate that as L1
increases in length, both frequency peaks shift to the left with the higher frequency
peak shifting left at a much higher rate.

6

Figure 3.1: Geometry for Microstrip with Varying DMS-BSF

Figure 3.2: S11 Results for DMS-BSF of Varying Lengths

7

Figure 3.3: S11 Results for DMS-BSF of Varying Lengths from the Source Paper

Figure 3.4 shows the transmission coefficient S21 for the microstrip feed line of
varying DMS-BSF lengths, and Figure 3.5 shows the source results for the S21 parameters with varying DMS-BSF lengths. All of the simulated graphs are relatively
close to the source results. The 10 mm DMS-BSF appears to have the closest resemblance to the source results. In contrast, the 5.6 mm DMS-BSF had the largest
apparent discontinuity with the source results; however, in all cases the second band
has a larger error than the first band when compared to the source results.

8

Figure 3.4: S21 Results for DMS-BSF of Varying Lengths

Figure 3.5: S21 Results for DMS-BSF of Varying Lengths from the Source Paper

Figure 3.6 shows the source paper’s results regarding the phase characteristic of
9

the microstrip feed line with and without the DMS-BSF. In order to measure the
phase characteristic, a new model was created without a DMS-BSF as shown in
Figure 3.7. Figure 3.8 represents the phase characteristic of the model in Figure
3.7 and the microstrip with a 6.6 DMS-BSF. The pattern between the two simulated
graphs matches well, but the results are shifted by about 3 GHz to the sources results.
Even though both graphs in Figure 3.8 begin their peak about 3 GHz later than the
source results, the phase shift occurs at the same place as Figure 3.6 at 4.5 GHz and
11 GHz.

Figure 3.6: Phase characteristics of the Microstrip Feed with and without a DMS-BSF
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Figure 3.7: Geometry for Microstrip Feed without DMS-BSF

Figure 3.8: Phase Characteristic of the Microstrip
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3.2

UWB Antenna

After testing the purpose and characteristics of the DMS-BSF, I chose to match
the paper and continue to have the DMS-BSF have a L1 of 6.6 mm. The next step
was to combine the microstrip with the full UWB antenna design. First I created
the model for the UWB antenna without any filters as shown in Figure 3.9. When
the UWB antenna does not contain the DMS-BSF and the inverted pi, the antenna
functions as an UWB antenna that covers the entire band of frequency from about
3.3 GHz to 14 GHz as shown in Figure 3.10.

Figure 3.9: Geometry for Antenna without Filters
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Figure 3.10: Antenna without Inverted Pi Slot and DMS-BSF

Next I added the inverted pi slot to the radiating patch of the antenna without
changing the microstrip as shown in Figure 3.11. By only adding one filter at a
time and comparing it directly with Figure 3.10, I can reasonably conclude that
the addition of the inverted pi slot creates a notch band around 6.8 GHz as shown
in Figure 3.12. According to the source paper, this band can limit the “potential
interference from RFID systems” [1].

Figure 3.11: Geometry for Antenna with Only Inverted Pi Slot
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Figure 3.12: Antenna with Only Inverted Pi Slot

Then I removed the inverted pi slot and only add the DMS-BSF at 6.6 mm as seen
in Figure 3.13. Figure 3.14 shows that this antenna contains two notch bands around
5.2 GHz and 10.8 GHz. “These two notch bands can reduce the potential interference
from WLAN, WiMAX, and X-band” [1]. These two peaks directly correlate to the
peaks when the microstrip was separated and had a DMS-BSF at 6.6 mm shown
in Figure 3.2. Therefore it can be assumed that when the DMS-BSF band length
is changed, these two notches change and shift the ranges for interference reduction
similarly to when shifts presented above in section 3.1.

14

Figure 3.13: Geometry for Antenna with Only DMS-BSF at 6.6 mm

Figure 3.14: Antenna with only DMS-BSF

Finally I added both the inverted pi slot and the DMS-BSF to the UWB antenna
shown in Figure 3.15. By adding both filters, the antenna now contains three notch
bands. “This is also a four band antenna in the frequency bands 3.1 GHz - 4.2 GHz,
6.2 GHz - 6.6 GHz, 7.0 GHz - 10 GHz, and 12.2 GHz - 14 GHz” [1]. The measured
frequency bands shown in Figure 3.16 are estimated to be 3.2 GHz - 4.3 GHz, 6.2 GHz
- 6.7 GHz, 7.2 GHz - 9.9 GHz, and 11.6 GHz to 14 GHz. Figure 3.17 is the source
15

paper’s results for all four antennas with a combination of the filters. Both my results
and the papers produce four frequency bands at similar ranges when containing both
the DMS-BSF and the inverted pi slot. Upon comparison to the previous graphs, it
can be concluded that the notch around 6.9 GHz is due to the inverted pi slot while
the notches around 5.2 GHz and 10.9 GHz are due to the DMS-BSF.

Figure 3.15: Geometry for Antenna with Both Inverted Pi and DMS-BSF

Figure 3.16: Antenna with Both Inverted Pi and DMS-BSF
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Figure 3.17: Reflection Characteristics of the Source Paper Antennas
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Chapter 4
Milling Machine

After modeling the antennas in CST Microwave Studio, the next step was to mill
and test the four antennas. To begin the process of milling, I used Rogers Corporation
to order the milling substrate. After navigating through Rogers Corporation products,
I decided to use “RT/duroid 5870 9X6 HH/HH R3 0620+-002/DI” to mill the four
antennas.
Since Rogers Corporation did not have an exact match for the substrate that I
used in my previous simulations, I chose a substrate close to the desired substrate to
get similar results. As noted in Section 2, the original substrate dielectric constant
was 2.65 and the thickness was 1.6 mm; however, the ordered Rogers board had
a dielectric constant of 2.33 and thickness of 1.57 mm. In order to get the most
accurate reading, I ran four new simulations for the four Ultra-Wideband antennas
with the new dielectric constant and substrate thickness parameters. Figure 4.1 shows
the difference in the two different simulations. All four of the simulations had similar
results with the 2.33dk shifting the filters slightly to the right. All three peaks between
the two full antennas have a shift of 0.4 GHz. It should be noted that these results
will only cause discrepancies when comparing the measured antenna results to the
18

results of the original research paper by Li, Li, and Yu[1] because new simulations
were run for the parameters matching the Rogers board..

Figure 4.1: 2.65dk vs 2.33dk CST Simulations

4.1

Process of Milling

While I was waiting on the RT/duroid 5870 substrate from Rogers, I began using
spare substrates to perform milling tests. In order to use the milling machine, I had
to transition my simulations from CST to CircuitCam. As shown in Chapter 2, all
four antennas consisted of three distinct layers: the top antenna cutout, the middle
substrate, and the bottom ground plane. Both the top layer and bottom layer for all
four antennas had to be exported as .dxf files. Since the milling machine only etches
19

the top and bottom layer, the middle substrate layer did not need to be exported into
CircuitCam. After obtaining all eight .dxf files, the files were moved to the computer
terminal directly connected to the milling machine.
The next step was to define the areas which the milling machine was going to etch
out of the substrate. I used the software CircuitCAM to define the etched regions
for the antennas. CircuitCAM uses a polygon shape creator to determine which
areas to etch; therefore, each area had to be defined by a collection of rectangles.
These rectangles were placed by myself matching the pixels of the desired etches to
a rectangular area. After all the the cutouts were defined, the “Insulate All Layers”
button should be pressed. After insulating the layers of the antenna, CircuitCAM
will show the path for the milling machine to mill. Figure 4.2 shows the path of the
drill bit in CircuitCAM after being insulated.

Figure 4.2: CircuitCam Antenna Outline after Insulation

After defining the etches in CircuitCAM, I exported the file as a .stl file. The next
step was to open BoardMaster. Upon opening BoardMaster a prompt appears asking
20

for current location of the milling head and if the head currently contains a drill bit.
After this initial setup, the .stl file can be imported into the software. Figure 4.3
shows how BoardMaster read in the .stl file.

Figure 4.3: BoardMaster Milling Machine Path

Then I specified the drill bits to be used for milling. The ten colored circles at
the top of Figure 4.3 are the location of the drill bits. For the general shape outline
a “End Mill 1.0 mm (39 mil)” drill bit was used which was the sixth drill bit from
the left corner of Figure 4.3. In order to etch out both the inverted pi slot and the
DMS-BSF a “End Mill (RF) 0.15 mm (6 mil)” was used, the second drill bit from
the left corner of Figure 4.3. The milling machine split the milling processes into two
jobs: the top layer and bottom layer. After the top layer was successfully milled,
the substrate board was flipped vertically. BoardMaster automatically shifted the
etching area across its defined x-axis which accounted for any displacement.

21

4.2

Challenges of Milling

During the process of milling, I encountered several challenges. The largest obstacle was by far orienting the ground plane precisely behind the top layer of the
antenna. As shown in Figure 2.1 the ground plane begins at the bottom of the microstrip line and stops 0.8 mm before reaching the radiating patch. Since the milling
machine only etched on one side at a time, I had to flip the Rogers board vertically
and match the dimensions exactly in order for the ground plane to be matched to the
top layer of the antenna. The milling machine did contain a camera which allows for
precise alignment, but the camera was not functional during my milling attempts.
In order to have both sides of my antennas match as closely as possible, I used
several steps to create consistent and accurate results. First I had to determine the
origin points of the milling machine. The milling machine board did contain two
reference holes as shown in Figure 4.4. After several tests, I determined that the top
of the two reference holes was the y-axis at 0. Then I used painter’s tape to create
a line connecting the two reference holes. Then I used a pencil marking to create a
reference line across the entire reference board at y=0. I used this reference line to
flip the substrate boards.
In addition to finding the true center of the milling machine, I also had to find the
true center of my substrate boards. For each board that I used to mill, I measured the
height with a ruler and found the halfway point of the board. I marked the halfway
point on the top and bottom layer of the board on both the left and right side in
order to ensure consistency. I matched the center marking of the milling board with
the center marking of my substrate to have both flipped over their respective center.
To avoid shifting of the substrate during milling, the milling machine contains a
vacuum that suctions the board to the milling board. Whenever I was ready to mill, I
22

aligned my horizontal references and then activated the vacuum. Once the substrate
was suctioned to the milling machine board, I taped the entire bottom and left edge
of the substrate board. Then I activated the milling for the top layer. After the
top layer finished I switched off the vacuum and flipped the substrate vertically and
oriented it based on where the painter’s tape was on the milling board as shown in
Figure 4.4.

Figure 4.4: Milling Machine Reference Setup

In order to mill the DMS-BSF I used the aforementioned end mill (RF) 0.15 mm
drill bit; however, the drill bit was so precise that extra copper remained in the filter
area. I attempted to use the next available drill bit to avoid this issue, but the second
smallest drill bit was too large for the DMS-BSF. Figure 4.5 shows the excess copper
remaining in the filters after milling. In order to remove the excess copper, I used Dr.
Goggans’s microscope, shown in Figure 4.6 and an X-acto knife to very carefully clean
23

out the antennas. Figure 4.7 shows the after result of the cleaned out antenna. There
was no excess copper on the antenna without any filters, but I used the knife and
cleaned the inverted pi slot only antenna, DMS-BSF only antenna, and the antenna
containing both the inverted pi and DMS-BSF.

Figure 4.5: Uncleaned Antenna

Figure 4.6: Dr. Goggans’s Microscope
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Figure 4.7: Cleaned Antenna

Once the antennas were successfully milled, I passed the entire substrate sheet on
to Dwight O’Dell. Dwight was able to use shears to cutout the four antennas. After
cutting out the antennas in their 30 mm by 32 mm rectangle shapes, Dwight soldered
SMA (SubMiniature version A) connectors to the microstrip of all four antennas. The
connectors can be seen both in Figure 4.5 and 4.6. The SMA connectors are what
allows the antennas to be measured by the network analyzer. SMA connectors are
typically 50 ohms and can be used between 0 GHz to 18 GHz which matched the
specifications of the four UWB antennas exactly.
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Chapter 5
Network Analyzer Results

5.1

Results of Antennas

In order to test the four milled antennas, Dr. Hutchcraft and I used a vector
network analyzer (VNA). The first steps of using the network analyzer were to calibrate it to minimize measurement errors. Calibration is set using standards that
are connected to the ports being used to test. Both ports 1 and 2 were setup and
calibrated for testing use. It should be noted that calibration was set for 0 GHz to
26.5 GHz which is much larger than the range of the fabricated antennas; therefore,
the obtained results are simply the results of the 0 GHz to 26.5 GHz zoomed into
the desired 0 GHz to 14 GHz range. Also only 201 points were used in the frequency
sweep. If testing were to be repeated, similar results would be expected, but the
obtained data would create smoother curves if more points were measured and the
frequency calibration was set to a narrower range.
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Figure 5.1: Simulated & Measured Comparison UWB Antenna -No Filters

For the first measurement, we used the antenna without any filters. In order to
test that the calibration was correct, we tested the antenna on both port 1 and port 2.
Figure 5.1 shows the comparison between the CST simulation, port 1 measurement
and port 2 measurement. Both the port 1 and port 2 measurements matched closely
enough that we only used port 1 to test the remaining antennas. For the first antenna
the results are favorable up until around 9 GHz. The CST result reaches -10db at
about 3.2 GHz, but both measurements initially reach -10db at 3.7 GHz. This initial
shift of about 0.5 GHz consistently occurs throughout the remaining measurements
as well. Both measured results retain a wide band from 3.7 GHz to 9.2 GHz, but
large discrepancies begin between the CST and the two measurements past 9.2 GHz.
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Figure 5.2: Simulated & Measured Comparison UWB Antenna -Only Inverted Pi Slot
Filter

Figure 5.2 displays the results of the antenna with only the inverted pi slot filter.
The addition of the pi slot is clearly shown in both the CST and measured results.
The 0.5 GHz shift is still present, but the pi slot filter at 7.4 GHz matches extremely
well between the two graphs; however, discrepancies begin occurring at about 7.8
GHz. After 7.8 GHz the antenna’s return loss is exclusively above -10db, but the
simulation shows it below -10db.
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Figure 5.3: Simulated & Measured Comparison UWB Antenna -Only DMS-BSF

When measuring the antenna with only the DMS-BSF, we encountered unusual
results. Whenever the ground plane was directly pressed by hand, the network analyzer displayed results that more closely matched the simulation results. As seen in
Figure 5.3, I’ve included both the pressed and unpressed results of the antenna with
the CST simulation results. It should be noted that the pressed antenna no longer
has the 0.5 GHz shift present in all other simulations. The two peaks expected from
the DMS-BSF appear present in both simulations, but they are much wider compared
to the simulation results. Both pressed and unpressed measurements start to trend
downward at 11.3 GHz, and they both reach -10db at 12.7 GHz. This antenna shows
the most favorable trend at the higher frequencies compared to the remaining three.
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Figure 5.4: Simulated & Measured Comparison UWB Antenna -Both Inverted Pi Slot
and DMS-BSF

Figure 5.4 shows the results for the antenna with both the inverted pi slot and
the DMS-BSF. The measured antenna’s return loss does not reach -10db until 4.1
GHz, so the initial shift to the left has increased to about a 0.9 GHz displacement.
This shift appears to continue throughout the measured results since the measured
antenna peaks at 6.7 GHz compared to the CST peak at 5.6 GHz. I believe that this
shift has overlapped the inverted pi slot filter at 7.4 GHz; however, the number of
jumps appears to increase between 7.4 GHz and 9.3 GHz, so it appears that the slot
is affecting the antenna to some extent. Similar to Figure 5.1 and 5.2 the results at
the higher frequencies of 10.8 GHz and beyond are not favorable.
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5.2

Discussion of Results

There are multiple possibilities in which error could occur within these tests. I
believe that the chief issue concerns the ground plane connection. Since the pressed
port shown in Figure 5.3 erased the initial 0.5 gigahertz displacement, I think that a
similar press on the other antennas may have erased the displacement as well. Another
possible area of error is the unreliability of which the ground plane is matched to the
top layer of the antenna as described in section 4.2. As mentioned earlier in section
5.1, a more precise calibration would also yield more accurate results. Figure 5.5 and
Figure 5.6 show a summary of all the CST results and the measured results layered
together on their own respective graphs. All three of the measured antennas produced
fairly consistent graphs, so I believe that the ground plane fix would provide improve
all four measurements.

Figure 5.5: CST Simulation Results
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Figure 5.6: Measured Results

5.3

Fabricated Results

Figure 5.7 shows the fabricated antenna that the source paper used to calculate
the results shown in Figure 5.8. It should be noted that the manufactured antenna has
the orientation of its DMS-BSF flipped horizontally. The authors do not mention the
reasoning for this flip compared to the simulation models of the antenna. Despite this
discrepancy, the fabricated antenna yields results favorable to those of the simulation.
The second band is more easily seen in the simulation. The authors measured results
match extremely well to their simulated results. The measured results even create
a broader band from 6 GHz to 6.6 GHz compared to the simulated results. The
authors measured results begin jumping from 7 GHz to 9.5 GHz which matches with
my measured results as well as seen in Figure 5.4. Again it should be noted that the
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authors used the substrate and thickness present in my simulations in chapter 3, but
my measured results should still retain the same shape of the authors’ results.

Figure 5.7: Manufactured Antenna with Inverted Pi and DMS-BSF

Figure 5.8: Simulation vs. Fabricated Antenna S11 Results
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Chapter 6
Additional Analysis and
Optimization

6.1

Change of Parameters

For my change of parameters, I recreated the full UWB Antenna with both the
inverted pi slot and DMS-BSF shown in Figure 6.1 (a), but I set the DMS-BSF length,
denoted as L1 in Figure 6.1 (b), to 10 mm instead of 6.6 mm. Figure 6.2 shows the
correlation between the full antenna with a 10 mm DMS-BSF and the microstrip with
a 10 mm DMS-BSF. The reason I selected the 10 mm DMS-BSF was to see how it
would interact with the inverted pi slot. Since the second peak of the 10 mm and
the peak of the inverted pi slot overlapped, I wanted to see how this was reflected in
the combination of the two. As shown in Figure 6.2, the antenna with an inverted pi
and a DMS-BSF of 10 mm has three frequency bands, 5 GHz - 7 GHz, 8 GHz to 12.4
GHz, and 13 GHz to 13.4 GHz. It is interesting that the first band from 3.4 GHz to
4.5 GHz present in the antenna with a 6.6 mm DMS-BSF is completely eliminated
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from the 10 mm DSM-BSF full antenna. Additionally, the band from 12 GHz to 13.5
GHz in the 6.6 DMS-BSF full antenna is shrunk to 13.1 GHz to 13.4 GHz for the 10
mm DSM-BSF.

(b) Microstrip with DMS-BSF

(a) Model of UWB Antenna

Figure 6.1: Geometry of Proposed UWB Antenna with 10 mm DMS-BSF
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Figure 6.2: S11 Results for 10 mm DMS-BSF Antenna

6.2

3D Printing

Another additional avenue that I planned on pursuing was testing a 3D printed
version of my antenna. A contact in Huntsville, AL, was slated to print an entire
queue of 3D printed items, but the contact was unable to get the 3D printer working
in time. The dielectric constant of the provided substrate was 2.45, so I reran the
four antenna simulations for the dielectric constant of 2.45. The contact was able to
send a prototype image of the 3D printed design shown in Figure 6.3.
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Figure 6.3: 3D Printed Antenna First Attempt

The benefit of using a 3D printed antenna is that the thickness of the substrate
could be specified to any desired value. Because of this extra layer of flexibility,
before sending the specifications of my antenna to the company in Huntsville, I ran a
parametric sweep of all four antennas varying the thickness of the substrate. Figure
6.4 shows the CST results of the parametric sweep.

Figure 6.4: Parametric Sweep of Substrate Results

Based on the results of Figure 6.4, I selected 2.8 mm as the desired substrate
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thickness because of the low return loss at 12 GHz. Figure 6.5 shows the expected
values that the 3D printed antenna would have with both the inverted pi slot and
the DMS-BSF. An interesting result of the simulation shown in Figure 6.5 is that
the second band from 5.9 GHz to 7 GHz is much larger than any of the previous
simulations. All three of the notches are more narrow which has resulted in larger
four larger bands. It should also be noted that the 3D printed antennas are still in
the works at Huntsville, but at the time of writing this paper, the antennas have not
been successfully printed or shipped.

Figure 6.5: Antenna with Both Filters at 2.45dk and Substrate Thickness of 2.8 mm

38

Chapter 7
Conclusion

This paper recreates the results of the Li, Li, and Yu paper in order to determine
the purpose of each component in a microstrip fed triple notch band UWB antenna.
First, the microstrip was separated from the antenna and the DMS-BSF was simulated
with varying lengths in order to determine the effects of altering the filter length.
After selecting the length 6.6 mm for the DMS-BSF, four simulations were run: no
filters, only the pi slot filter, only the DMS-BSF, and both the pi slot filter and the
DMS-BSF. After verifying these results with the authors’ results, I moved to the
fabrication phase.
Once I ordered a substrate from Rogers Corporation, I reran simulations with
my new substrate parameters. After successfully running new simulations for the
four antennas, I milled the four antennas and tested them on the network analyzer.
Upon comparing the measured results with the simulated results, the results matched
well at lower frequencies and became increasingly different at higher frequencies. I
pinpointed possible areas of error that could have created these discrepancies between
the results.
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After the initial analysis and testing of the four UWB antennas, I began to try
different techniques to optimize the antennas for targeted frequencies. One option was
to alter the length of the DMS-BSF filter. After testing I concluded that increasing
the length of the filter shifted the blocked frequency notch bands to lower frequencies.
Another avenue I pursued was increasing the thickness of the substrate material using
3D printing. Unfortunately, time did not allow me to test these results.
To summarize, this paper systematically steps through the Ultra Wide-Band antenna designs by Li, Li, and Yu in order to determine the function of each individual
filter and chosen geometry of the antenna. After analyzing the effects in both simulation and fabrication, I extended my research into possible techniques for optimizing
the antenna. This paper laid the groundwork for my research into antenna design,
yielded many lessons about fabrication using a milling machine, and provided additional avenues for testing in the future.
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Appendices
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Verification of Microstrip Length
After discovering that Rogers Corporation did not have a substrate that matched
my original parameters, I ordered a substrate that had similar parameters to the
original substrate. In order to ensure that the impedance remained at 50 ohms, I
used the program Linecalc to check the impedance of my microstrip line. Based on
my measured results from Figure 5.6, I selected 4.2 GHz as my target frequency. After
entering in the remaining parameters as shown in Figure 7.1, I selected synthesize and
obtained 12.6227 mm for my length of the microstrip at 4.2 GHz. In order to verify
these results I created a program using microwave equations[2] in a C++ program.
My code for this program is shown in Appendix 1. Figure 7.2 shows my results for
the same parameters given to Linecalc. I obtained 12.742333 mm for the microstrip
length which closely matched the results of Linecalc. Even though both Linecalc and
my microwave equation program obtained similar results for the microstrip length,
these results differ from the authors’ given microstrip length. I reached out to the
authors’ for comment, but I have yet to receive a response. My conclusion is that
the radiating patch would provide an additional impedance which would make the
antenna as a whole at 50 ohms.
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Figure 7.1: Linecalc Results

Figure 7.2: Microwave Equation Program Results

The following code was written by taking the equations from Microwave Engineering[2] and receiving input from the user to calculate the microstrip length based
on the input parameters.

45

Figure 7.3: Microwave Equation Program
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Graphing Network Analyzer Results
In order to overlay both the results from CST simulations and the network analyzer
on the same graph, I was supplied with a base python script by a graduate student
Bibek Kattel. Below is one of the programs that I used to create the majority of the
graphs present throughout this thesis. Figure 7.4 directly outputs Figure 5.1.

Figure 7.4: Network Analyzer & CST Overlay Graph Python Code
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